We analyze the advantages of a linear-collider program for testing a recent theoretical proposal where the Higgs-boson Yukawa couplings are radiatively generated, keeping unchanged the standard-model mechanism for electroweak-gauge-symmetry breaking. Fermion masses arise at a large energy scale through an unknown mechanism, and the standard model at the electroweak scale is regarded as an effective field theory. In this scenario, Higgs boson decays into photons and electroweak gauge-boson pairs are considerably enhanced for a light Higgs boson, which makes a signal observation at the LHC straightforward. On the other hand, the clean environment of a linear collider is required to directly probe the radiative fermionic sector of the Higgs boson couplings. Also, we show that the flavor-changing Higgs boson decays are dramatically enhanced with respect to the standard model. In particular, we find a measurable branching ratio in the range (10 −4 − 10 −3 ) for the decay H → bs for a Higgs boson lighter than 140 GeV, depending on the high-energy scale where Yukawa couplings vanish. We present a detailed analysis of the Higgs boson production cross sections at linear colliders for interesting decay signatures, as well as branching-ratio correlations for different flavor-conserving/nonconserving fermionic decays.
Introduction
The clarification of the electroweak symmetry breaking (EWSB) mechanism is the most urgent task of the Large Hadron Collider (LHC), that last year started taking data at an unprecedented pp collision energy of √ S = 7 TeV. With more collected integrated luminosity and a possible collision energy upgrade, this might soon lead to the long-awaited discovery of the Higgs boson [1] . While the observation and study of the properties of a scalar particle with features not too different from the ones of the standard-model (SM) Higgs boson will be accessible at the LHC, it is well known that a detailed study of the Higgs-boson profile and couplings will crucially benefit from a future e + e − linear-collider program [2, 3] .
In [4] , we introduced a new phenomenological framework giving an improved description of the fermiophobic (FP) Higgs-boson scenario [5] . In particular, we considered the possibility that the Higgs boson gives mass to the electroweak (EW) vector bosons just as in the SM, while fermion masses and chiral-symmetry breaking (ChSB) arise from a different unknown mechanism at an energy scale considerably larger than M W . Then, the Higgs boson is coupled to the EW vector bosons just as in the SM, while Higgs Yukawa couplings are missing at treelevel in the fermion Lagrangian. Yukawa couplings are anyway generated at one loop after ChSB is introduced by nonstandard explicit fermion mass terms in the Lagrangian. One new energy parameter Λ ∼ 10 (4−16) GeV (the renormalization scale where the renormalized Yukawa couplings vanish) is introduced to give an effective description of the radiative effects of ChSB on Higgs couplings to fermions at low energies. Important logarithmic effects for large values of Λ are resummed via renormalization-group (RG) equations in [4] . Radiative Higgs couplings to fermions turn out in general to be smaller than the corresponding tree-level SM Yukawa couplings. For instance, for m H < 160 GeV, the effective Yukawa coupling to b quarks is about 20 to 5 times smaller than the corresponding SM value for Λ = 10
The effective-Yukawa model
In this section, we sum up the main phenomenological features of the effective-Yukawa model, as introduced in [4] * .
In the effective-Yukawa model, EW vector bosons acquire mass via spontaneous symmetry breaking just as in the SM, and a physical Higgs boson is left in the spectrum which is coupled to vector bosons via SM couplings. The peculiar feature of the model is that fermion masses are not assumed to arise from the EW symmetry-breaking mechanism, but from an unknown mechanism at an energy scale considerably larger than M W . As a consequence, Higgs Yukawa couplings are missing at tree level in the fermion Lagrangian. They are anyway radiatively * Throughout the paper, for all the basic physical constants and parameters, we assume the same numerical values as in [4] . generated at one-loop after ChSB is introduced by non standard explicit fermion mass terms in the Lagrangian. In the model, there is just one new free parameter, the energy scale Λ, defined as the renormalization scale where all the Yukawa matrix elements (in flavor space) are assumed to vanish. This renormalization condition just sets the Higgs-fermion decoupling at the high-energy Λ ≫ M W . In particular, we consider Λ in the range 10 (4−16) GeV. Large logarithmic contributions g 2n i log n (Λ/m H ) (where g i are the SM gauge couplings) to the Yukawa operators are then expected at higher orders in perturbation theory that can be resummed via the standard technique of the RG equations. Notice that the coefficients multiplying these log-terms are universal, that is independent of the structure of the UV completion of the theory. Therefore, they can be calculated in the corresponding effective theory by evaluating the anomalous-dimension matrix of the Yukawa couplings. As anticipated, while radiative Higgs couplings to fermions in this scenario are smaller than the corresponding SM Yukawa couplings, BR's for fermionic Higgs decays can be conspicuous for large Λ and m H < ∼ 140 GeV. Indeed, the suppression of the fermionic Higgs couplings and of the related fermionic Higgs widths is compensated for by the corresponding depletion in the total Higgs-boson width. In Fig.1 , the total Higgs-boson width is shown versus m H for different values of Λ. In Fig.1 , and in all subsequent plots and tables, the SM and FP labels stand for the standardmodel and the naive fermiophobic Higgs scenario results, respectively † . Because of the fall in the light-Higgs total width, values of BR(H → bb) as large as the SM ones can be obtained at high Λ's (cf. Table 1 , taken from [4] ). In particular, for m H ≃ (100 − 130) GeV and Λ ≃ 10
16
GeV, one gets BR(H → bb) ≃ (82 − 10)% from radiative effects, to be compared with the corresponding SM values BR(H → bb) ≃ (82 − 54)%. In Fig.2 , the BR's for the main Higgs-boson decays into vector bosons and photons H → W W, ZZ, γγ, Zγ and fermions H → bb, cc, τ τ are shown versus Λ, for m H = 120 GeV (left) and 140 GeV (right). Also shown is BR(H → bs) that will be discussed in Sec. 5. The enhancement of the decays into vector bosons and photons is remarkable (see also plots on the corresponding ratios BR/BR SM in [4] ). This is clearly a bonus for Higgs-boson searches at the LHC. On the other hand, all the branching ratios BR(H → W W, ZZ, γγ, Zγ) are almost insensitive to the scale Λ. On the contrary, the Higgs decays into fermions, although generally depleted with respect to their SM rates, show a nice sensitivity to Λ, and can provide a handle for a possible Λ determination. To this respect LHC can hardly contribute, while we will discuss in the † We define as naive fermiophobic Higgs scenario, a model where all the Higgs fermionic couplings are assumed to vanish at the EW scale, and the Higgs boson is coupled to vector bosons as in the SM. [4] . Also, the experimental exclusion limits on m H as elaborated in the SM in direct searches [6, 7] should be revisited in the light of a possible fermionic-coupling depletion that differs from the purely FP limit. A dedicated analysis is needed to obtain m H bounds in the effective-Yukawa model. A relaxed direct lower bound on m H is anyway expected with respect to the SM limit of 114.4 GeV [4] .
Production cross sections for different Higgs boson signatures
It is well-known that, to a great extent, the precision study of light-Higgs-boson properties at linear colliders does not require running at very high c.m. energies [9, 8] . Production cross sections are somewhat optimized for collision energies √ S not much larger than the kinematical threshold for the associated production e + e − → ZH. While the vector-boson-fusion production rate increases as log S, and gets comparable to the cross section for e + e − → ZH (that scales as 1/S) at energies √ S ∼ 500 GeV, for lower √ S the associated production e + e − → ZH has the dominant cross section. In particular, for m H ≃ 120 GeV, σ(e + e − → ZH) ≃ 0.13 pb at √ S ≃ 350 GeV, to be compared with the corresponding σ(e + e − → ννH) ≃ 0.03 pb. At √ S ≃ 800 GeV, σ(e + e − → ννH) increases and gets dominant, but the total production rate is σ(e + e − → ZH +ννH) ≃ (0.02+0.17) pb, that is just slightly larger than its value at √ S ≃ 350 GeV. The associated production benefits from the further advantage of the simpler two-body kinematics giving rise (at leading order) to a monochromatic Higgs boson, with an excellent potential even in case of an invisible Higgs boson [2] .
On this basis, we present here the production rates for the dominant Higgs boson decays, for a linear collider running at √ S ≃ 350 GeV (that allows top-quark pair production, too GeV. Different H → X decay signatures are considered, versus the Higgs boson mass and Λ (both in GeV units). The lower-rate decays H → cc and H → τ τ are included in Table 2 , too. Figure 3 shows production rates for H → W W (left) and ZZ (right). Cross sections are quite enhanced with respect to the SM at low m H . They are large enough to allow an accurate study of both channels, by exploiting both the leptonic and the hadronic W/Z decays. For instance, at m H ≃ 110 GeV, for Λ = (10 4 to 10 16 ) GeV, one expects (5.4 to 2.7) × 10 4 W W Z events (to be compared with 3.2 × 10 3 in the SM), and (4.9 to 2.4) × 10 3 ZZZ events (to be compared with 2.9 × 10 2 in the SM) (cf. Table 2 ). At lower m H , the sensitivity to Λ increases, while at larger m H a Λ determination becomes more and more difficult. A similar pattern, as far as both rate enhancement and sensitivity to Λ are concerned, is found for the H → γγ channel [cf. Fig. 4 (left)], that is anyway characterized by a cleaner signature (a γγ resonance). In particular, for m H ≃ 110 GeV, and Λ = (10 4 to 10 16 ) GeV, one expects (3.7 to 1.9) × 10 3 Zγγ events (to be compared with 1.3 × 10 2 in the SM) (cf. Table 2 ).
Lower rates are predicted for H → Zγ [cf. Fig. 4 (right)], for which, anyway, a few hundreds of events are expected in most of the parameter space.
In Fig. 5 (left), the production rates for the H → bb decay channel are shown. The H → bb channel gives a remarkable opportunity to make an accurate Λ determination in all the m H range considered here. Not only the H → bb rate is quite sensitive to Λ at low m H , but this sensitivity even increases at high m H 's (unlike what occurs for the H → W W, ZZ, γγ, Zγ channels). At m H ≃ 110 GeV, (6.3 to 38) × 10 3 bb events are predicted (to be compared with 5.5 × 10 4 in the SM), for Λ = (10 4 to 10 16 ) GeV (cf. Table 2) . At m H ≃ 140 GeV, the rate is lower but the sensitivity to Λ is much larger. In particular, for Λ = (10 4 to 10 16 ) GeV, one expects (1.7 to 24) × 10 2 bb events (to be compared with 2.1 × 10 4 in the SM).
The numbers of events corresponding to the channels H → cc and H → τ τ are quite suppressed with respect to the SM values. Anyway, the few tens or hundreds of events expected in most of the parameter space (cf. Table 2 ) should allow a fair BR's determination for the corresponding decays.
In Fig.5 (right), we show the correlations between the BR's for the decays H → cc and H → τ τ , and BR(H → bb), for m H =110, 120, 130 GeV. For each m H value, Λ is univocally set by BR(H → bb), and we report the points corresponding to Λ = 10 4 , 10 6 , 10 10 , 10 16 GeV (grey bubbles) only on the H → cc curves (related points on the H → τ τ curves can be easily inferred). These correlations are characteristics of the radiative structures of the Yukawacoupling generation. BR(H → cc) depends linearly on BR(H → bb), reflecting a similar structure of the corresponding RG equations. Nonlinear differences in the behavior of BR(H → τ τ ) arise from the different impact of strong interactions on the leptonic-coupling evolution with respect to the quark case (see Section 4) . The rates for the different decay channels in Table 2 can give a first hint on how accuracies in the measurement of various Higgs-boson couplings could scale with respect to the corresponding SM values. In previous Higgs-boson studies [2, 10] , the expectations for the precision on the Higgs branching ratios and couplings have been reported for linear colliders with √ S ≃ 350 GeV and 500 GeV and integrated luminosity of the order of 500 fb −1 . A similar precision is then expected for the setup assumed in Table 2 . The relative precision on the measurements of the SM branching ratios BR(H → bb, cc, τ τ, W W, ZZ) is a few percent for m H ≃ 120 GeV [2, 10] . The accuracy on BR(H → γγ) is a bit lower [2] . In case the effective Yukawa scenario is realized, accuracies on the measurements of BR(H → W W, ZZ, γγ, γZ) will be much better than in the SM. The precision on the measurement of BR(H → bb) will be comparable with the SM estimate at very low m H , while getting worse in the intermediate and large m H range.
On the other hand, accuracies on BR(H → cc) and especially on BR(H → τ τ ) are expected to deteriorate with respect to the SM case in all the m H range. A more quantitative analysis would require going into the relevant backgrounds and detection efficiencies.
Effective flavor-changing Yukawa couplings
In this section we analyze the flavor-changing (FC) fermionic decays
where the i = j indices stand for generic flavors, in the up-quark (or down-quark) sectors. In the SM, the decay amplitudes for H → f i f j are generated at one loop, and are finite, thanks to the unitarity of the CKM matrix. These decays are characterized by very small BR's. Even the decay H → bs, that is not suppressed by the Glashow-Iliopoulos-Maiani (GIM) mechanism because of the unbalanced top-quark contribution in the loop, has a quite small BR. In particular, for m H < 2M W , one has BR(H → bs) ≃ 2 · 10 −7 [11, 12] , which makes this channel practically undetectable in the SM. On the other hand, the small BR(H → bs) makes the Higgs decay H → bs a sensitive probe of potential new physics contributions above the EW scale. This process has been extensively considered in literature, with emphasis on minimal and non-minimal supersymmetric extensions of the SM [12, 13] , where the corresponding BR(H → bs) can be as large as (10 −4 − 10 −3 ) in particular configurations of the allowed SUSY parameter space.
In the following, we will compute BR(H → bs) in the effective Yukawa scenario, and find that it can also be in the range (10 −4 − 10 −3 ) for m H < ∼ 140 GeV.
In case a new mechanism for ChSB and generation of fermion masses exists, it is natural to assume that it will generate a fermion mass matrix on the fermion weak eigenstates which is equal to the SM one. The CKM is then obtained as usual by rotating the fermion fields into the fermion mass eigenstates.
Fermion masses explicitly breaking chiral symmetry radiatively induces both flavor-diagonal and flavor-changing Yukawa couplings because of the off-diagonal terms in the CKM matrix. Then for a light Higgs boson one gets a large enhancement in the FC Higgs decay BR's arising from two combined effects. On the one hand, the Higgs total width is depleted with respect to the SM one, being the b-quark Yukawa coupling radiatively generated. On the other hand, there is a significant effect in the resummation of the leading log terms for the FC amplitude for Λ ≫ m H . Moreover, the ratio of the FC decay amplitude for the decay H → bs to the flavor-conserving H →bb one will not be suppressed by gauge couplings and loop factors as in the SM, but will only be depleted by the CKM matrix element V ts . The same holds for other FC Higgs decays, although an extra suppression by the GIM mechanism will in general affect the ratio. Therefore, a large enhancement in the FC Higgs BRs is naturally expected in our framework.
In order to calculate BR(H →f i f j ) (with i = j), we start by evaluating the effective flavor-changing Yukawa couplings related to the corresponding Hf i f j interaction term in the Lagrangian. The FC one-loop H →f i f j amplitude is divergent in this scenario, unlike in the SM, since tree-level Yukawa couplings are missing. In the language of effective field theories, this implies that the corresponding FC Yukawa coupling Hf i f j has to be renormalized at some high-energy scale. Then, Yukawa couplings at low energy can be computed by RG equations.
Yukawa couplings, in the fermion mass eigenstates, are defined by the Lagrangians for the flavor-conserving interactions,
where i = 1, 2, 3 for
, and e i = (e, µ, τ ), respectively, and the FC interactions ‡
where the indices i = j run over the fermion generations, H is the Higgs boson field, P L/R = (1∓ γ 5 )/2 and, being L whenever initial and final fermions have different masses. From now on, we will neglect CP violating effects in the CKM matrix, and all the Yukawa couplings will be real numbers.
We first recall the RG equations for the flavor-conserving Yukawa couplings Y U i , Y D i , Y E i . In a compact matrix notation, this is given by
where the (diagonal) beta function matrices β F , with F = {U,D,E}, are [4] 
where t = log µ, C U = 17/20, C D = 1/4, Tr(Y) stands for the trace of the matrix Y, and Y is defined as
In particular, Y U,D,E (where U,D,E stand for up-quarks, down-quarks and charged leptons, respectively) are diagonal matrices in flavor space,
Note that the effective Yukawa couplings for leptons enters the effective Yukawa couplings for quarks through Eq. (8). Also, For vanishing tree-level Yukawa couplings, the leading contribution to the β function is given by the diagram in Fig.6(a) , where two W s are exchanged in the Hf i f j vertex diagram. Indeed, the residue at the pole in diagram in Fig.6(a) is the only contribution to the Yukawa β functions which is not proportional to Yukawa couplings. Then, when all Yukawa couplings are set to zero at the energy scale Λ, as required by the condition of Higgs-fermion decoupling, Yukawa couplings are radiatively generated at any energy scale different from Λ (here, in particular, at the scale m H ) thanks to the diagram in Fig.6(a) .
By including the full set of corrections in Fig.(6) , we obtain the RG equations for the FC
where the corresponding beta functions [β
[β
where (11)- (13), we neglected, in diagram in Fig.6(c) , terms of order O(K ij K mn ) (with i = j, m = n), and related fermion self-energies contributions. Indeed, FC couplings (entering the red bubble) are naturally of order O(K ij ) in our framework. Then, in the Wexchange vertices in Fig.6(c) we kept only diagonal CKM couplings. Consistently, we neglected also contributions coming from double FC vertex insertions. § We stress that the RG equations in Eqs. (4)- (7), and (11)- (13) are also valid in a more general scenario in which the Yukawa couplings are not vanishing at tree-level, and are different from their tree-level SM values, provided their tree-level values are small enough not to spoil the perturbative regime.
Notice that in Eqs. (11) In Eqs. (11)- (13), we do not find, as we do in Eqs. (4)- (7), any large term proportional to ξ H ∝ m 2 H /m 2 W multiplied by the ChSB factor Y SM U,D . Indeed, these terms are in principle generated by the diagram in Fig.6(a) , but their total contribution vanishes because of the GIM mechanism and CKM unitarity. On the contrary, the above terms provide the leading contribution to the RG equations for the flavor-diagonal Yukawa couplings Eqs. (4)- (7), and are responsible for the breaking of perturbative unitarity in the Yukawa sector at large m H [4] . Notice that contributions proportional to ξ H in Eqs. (11)- (13) (4)- (7) are in the perturbative regime [4] .
Following the approach in [4] , our renormalization conditions will consist in assuming all the Yukawa couplings vanishing at the scale Λ, namely
Then, the corresponding values at low energy (in particular at µ ≃ m H ) will be determined by numerically solving the full set of RG equations in Eqs. (4)- (7) and (11)- (13) . In Table 3 
Regarding the CKM matrix elements, in the Wolfenstein parameterization we set λ = 0.2253, A = 0.808 [16] . In the last column of Table 3, we Fig.6(a) . Then, the GIM mechanism makes the b ↔ s transition amplitude O(m Table 3 , one can also check that the right-handed couplings mediating the transition between the second and third family are both dominant, that is [ Fig.6(a) is always proportional to the external quark (pole) masses, 
Flavor-changing decay branching ratios
Before studying the branching ratios for FC Higgs-boson decays H → f i f j , we briefly discuss the constraints on the FC Yukawa couplings imposed by flavor-changing neutral-current (FCNC) processes. FC Higgs-boson interactions can induce effective FCNC interactions mediated by local four-fermion operators, through tree-level Higgs boson exchange [15] . Were these interactions strong enough, they would spoil the agreement between the SM predictions and experimental measurements for the mass splitting 3), the contribution of the tree-level Higgs-mediated FCNC to the mass splitting ∆M s is given by [15] 
where 
in the vacuum insertion approximation, with B Bs = 1 [15] . 
where, for the B 0 s decay constant and mass, we assume f Bs = 238.8 MeV [17] , M B 0 s = 5.366 GeV, respectively [16] , while other SM inputs are given in [4] .
We can see that 
where m b is the b-quark pole mass, the FC Yukawa couplings are evaluated at the scale m H , and Γ(H → bs) ≡ Γ(H →bs) + Γ(H →sb). Correspondingly, in Table 4 for m H < ∼ 140 GeV. In Fig.2 , BR(H → bs) versus the scale Λ is plotted, for 10 4 GeV < Λ < 10 16 GeV, and for m H = 120 GeV (left) and 140 GeV (right).
Note that BR(H → bs) turns out to be almost comparable to BR(H → cc) and BR(H → τ τ ) for m H < ∼ 120 GeV (cf. Table 1 ). A measurement of BR(H → bs) would then be feasible at a linear collider. This is in contrast with what can be achieved at the LHC, where hadronic final states produced through EW processes are typically very challenging, even for unsuppressed couplings.
In Fig.7 , we show correlations between BR(H → bs) and BR(H → bb), for m H =110, 120, 130 GeV. For each m H value, we show by grey bubbles the points corresponding to Λ = 10 4 , 10 6 , 10 10 , 10 16 GeV, that are univocally set by BR(H → bb), for any given m H .
Note that the m H dependence in the slopes is much reduced with respect to the flavor-diagonal decay correlations in Fig.5 (right) . This is because, in the Eqs. (11)- (13) for the FC couplings, the dependence on ξ H ∝ m 2 H /m 2 W is subdominant (i.e., depleted by radiative couplings) with respect to the Eqs.(4)- (7) for the flavor-diagonal couplings, where ξ H terms are enhanced by the ChSB fermion masses.
In Table 5 , we report the expected number of events N m H ev (bs) for the FC Higgs decay H → bs, corresponding to the production channel e + e − → ZH → Zbs at √ S ≃ 350 GeV and with integrated luminosity of 500 fb Considering the moderate background environment of the linear collider, we then expect that a detailed study including backgrounds and detection efficiencies could confirm the possibility of making a measurement of BR(H → bs) for a quite wide range of the model parameters.
Conclusions
In this paper, we examined the potential of a linear collider program for testing the effective Yukawa scenario. With respect to the SM, this theoretical framework is characterized by a Higgs boson with radiative (and hence depleted) Yukawa couplings to fermions, and unaltered couplings to EW massive vector bosons. LHC will be able to pinpoint this scenario that, at hadron colliders, for m H < ∼ 150 GeV, foresees a Higgs boson mainly produced by vector-boson fusion with SM cross sections, with enhanced decays to γγ, W W, ZZ. The direct investigation of the fermionic sector of the Higgs-boson couplings requires instead the clean environment of a linear collider program. We showed, that, with a typical e + e − setup with √ S ≃ 350 GeV and 500 fb −1 of integrated luminosity, the production rates for a Higgs boson decaying into bb, cc, τ τ are sufficiently large to allow a nice determination of the corresponding effective Yukawa couplings, for m H < ∼ 150 GeV. Furthermore, since fermionic BR's are particularly sensitive to the large energy scale Λ (where the Yukawa couplings are assumed to vanish at tree level), a measurement of the high-statistic channel H → bb is expected to provide a good Λ determination even for m H > ∼ 120 GeV, where the sensitivity to the scale Λ of BR(H → γγ, W W, ZZ) decreases. Another sector where LHC can not compete with a linear collider is the study of the enhanced FC Higgs-boson decay H → bs, for which the low hadronic background of a linear collider is vital for detection. In particular, we showed that BR(H → bs) ∼ (10 −4 − 10 −3 ), that is almost of the same order of BR(H → cc) and BR(H → τ τ ), is expected for m H < ∼ 120, with a corresponding event statistic sufficient for a nice BR(H → bs) determination. More detailed conclusions will require a more refined phenomenological analysis including the relevant backgrounds and detection efficiencies.
